ABSTRACT. The Thompson-Gray ultrasonic measurement model is applied to two benchmark problems. The first problem considers the ultrasonic reflection from spherical pores and side-drilled holes (SDK) for normally incident longitudinal waves. The second problem examines refracted longitudinal and shear wave reflections from both SDH and spherical pores. Results are obtained for both planar and spherically focused transducers.
INTRODUCTION
This paper summarizes one of a set of benchmark ultrasonic modeling calculations that extends earlier results presented at the 2001 Review of Progress in QNDE conference. Those prior results are found in several papers [1] [2] [3] [4] and are summarized in Reference [5] . In short, the previous calculations examined the simulated pulse echo response from spherical pores and circular cracks as measured using planar and focused immersion transducers at normal incidence to a fluid-solid interface. In the present study, the previous calculations are extended to include reflections from side-drilled holes (SDH) at normal incidence as before, as well as oblique incidence of the transducers to generate longitudinal or vertically polarized shear waves at refracted angles 30, 45, 60, and 75 degrees. Both spherical and SDH reflectors are considered for the oblique incidence calculations. The SDH are assumed to have the same range of diameters (0.125, 0.25, 0.5, 1.0, 2.0 and 4.0 mm) as were considered for the previous pore and crack calculations. The measurement configurations for the present study are illustrated in Figure 1 . Other details of the benchmark calculations, including probe characteristics, material properties, etc., are the same as described in Reference [1] .
The model used here is the Thompson-Gray measurement model [6] . This model is based upon Auld's electromechanical reciprocity integral [7] , and, in order to simplify calculations, employs the paraxial approximation in computation of ultrasonic beam displacements and transmission quantities. The Gaussian-Hermite model [8] was used to calculate the beam displacements. Scattering from spherical pores was represented using far-field plane wave scattering amplitudes based on exact solutions for longitudinal [9] and shear wave [10] backscattering. Scattering from circular cracks was computed using a Kirchhoff approximation [11] integrated over the face of the crack to account for beam variation [1] . For SDH, a new Kirchhoff model developed by Schmerr and Sedov [12] was used to compute the flaw scattering. The form of the measurement model in this case is denoted "Form III" and shown as Equations 7 and 8 in Reference [12] .
RESULTS
The first set of benchmark computations is for the normal incidence configuration shown in Fig. l(a) . The responses from spherical pores, circular cracks, and SDH were calculated for flaw sizes in the range 0.125 mm < diameter < 4.0 mm and using both a planar (5 MHz, 12.7 mm diameter) and a focused (5 MHz, 25.4 mm diameter, 152.4 mm curved element) transducer. The results are shown in Figure 2 . Note that the vertical scales on the graphs are expressed in dB computed from the ratio of the peak-to-peak voltage of the unrectified RF waveform relative to the peak-to-peak voltage of a reference waveform. The reference waveform, as shown in Figure 1 of Ref. [1] , was the reflected signal from the front surface of the sample taken at a water path of 50.8 mm, for the case of the planar transducer, or of 152.4 mm, for the focused transducer. In both cases, the peakto-peak voltage of the reference waveform was 3.5 volts. As would be expected, as the reflector diameter increases, the amplitude for signal from the spherical void is remains less than that of the SDH while the amplitude of the crack signal starts out lower but eventually exceeds that of the SDH. Table 1 contains the raw peak-to-peak voltages corresponding to the dB results shown in Figure 2 .
Next, we turn our attention to the oblique incidence calculations. The first of these results are for refracted longitudinal waves. The various probe tilt angles, <| >, and metal path lengths, z, as depicted in Figure l(b) , are listed in Table 2 . Note that for the refracted 75°l ongitudinal wave, the probe tilt angle is 12.87°, which is rather near the critical angle of 13.33°. Therefore, we do not expect the paraxial approximation to be accurate in this case. Figures 3 and 4, respectively, which display the signal amplitudes in dB relative to the reference waveform amplitude. The corresponding raw peak-to-peak voltages are shown in Tables 3 and 4 . The refracted shear wave results are presented next. Plots of those results in dB relative to their corresponding reference waveform amplitude are shown in Figures 5 and 6 , respectively, for the planar and focused transducer. Raw peak-to-peak voltages are listed in Tables 5 and 6 . Note that the probe tilt angle is 13.67° for the 30° refracted shear wave. This is very close to the longitudinal wave critical angle of 13.33°. Further, the shear wave critical angle is 28.20°, which is close to the probe tilt angle of 27.16° used for the refracted 75° shear wave. Therefore, in both of these cases, we expect significant error in the paraxial model predictions.
SUMMARY
As part of a series of the results of ultrasonic modeling benchmark calculations, this paper presents a series of simulated results for normal and oblique incidence measurements made on aluminum samples containing circular cracks, spherical pores and side-drilled holes. The calculations were made using the Thompson-Gray measurement model, which employed the Gaussian-Hermite ultrasonic beam model and incorporated exact scattering amplitude formulations for spherical pores and Kirchhoff approximations for the cracks and SDH. Because of the paraxial approximations used in this modeling approach, computational results are not expected to be accurate in cases where the transmitted ultrasonic beam is near the critical angle for longitudinal or shear waves.
